A retrospective study of radiographic parameters of patients who underwent lumbar spinal pedicle screw insertion. Purpose: The optimal length of pedicle screws is often determined by the lateral radiograph during minimally invasive surgery (MIS). Compared with open techniques, measuring the precise length of screws or assessing the cortical breach is challenging. This study aims to ascertain the optimal pedicle screw lengths on intraoperative lateral radiographs for L1-L5. Overview of Literature: Research has revealed that optimal pedicle screw length is essential to optimize fixation, especially in osteoporotic patients; however, it must be balanced against unintentional breach of the anterior cortex, risking injury to adjacent neurovascular structures as demonstrated by case reports. Methods: We reviewed intra-and postoperative computed tomography scans of 225 patients who underwent lumbar pedicle screw insertion to ascertain which of the inserted screws were 'optimal screws.' The corresponding lengths of these screws were analyzed on postoperative lateral radiographs to ascertain the ideal position that a screw should attain (expressed as a percentage of the entire vertebral body length). Results: We reviewed 880 screws of which 771 were optimal screws. We noted a decreasing trend in average optimal percentages of insertion into the vertebral body for pedicle screws going from L1 (average=87.60%) to L5 (average=78.87%). The subgroup analysis revealed that there was an increasing percentage of screws directed in a straight trajectory from L1 to L5, compared to a medially directed trajectory. Conclusions: During MIS pedicle screw fixation, this study recommends that pedicle screws should not exceed 85% of the vertebral body length on the lateral view for L1, 80% for L2-L4, and 75% for L5; this will minimize the risk of anterior cortical breach yet maximize pedicle screw purchase for fixation stability.
Introduction
Pedicle screw fixation is the gold standard for internal fixation of the thoracic and lumbar spine [1, 2] . Contrary to open surgical techniques where using instruments, such as the ball-tip pedicle probe, enable surgeons to validate the length of the screw and determine cortical breaches, it is not feasible in the minimally invasive surgery (MIS) approach. Surgeons using the MIS technique often depend on other surrogate measures, such as lateral radiographs and preoperative imaging modalities (computed tomography [CT] and magnetic resonance imaging scans), to ascertain the optimal pedicle screw insertion within the vertebral body.
This study aims to ascertain the optimal pedicle screw insertion lengths on intraoperative lateral radiographs during MIS surgery for different lumbar levels from L1 to L5 to attain maximal length safely without causing any anterior cortical breach.
Materials and Methods
This is a retrospective study of radiographic parameters of all patients who underwent spinal surgeries involving lumbar pedicle screw insertion at our institution. We reviewed intraoperative CT scans (for patients who had pedicle screw insertion under O-arm navigation) or postoperative CT scans (for patients who underwent pedicle screw insertion under II guidance but who had postoperative CT scans performed for either their spinal condition or other dissimilar conditions, including CT of the abdomen and pelvis for general surgical indications) to define optimal screws. Of note, we excluded patients who did not have any CT scans performed enabling assessment.
In this study, we defined an 'optimal screw' as one that was within 5 mm of the anterior cortex of the vertebral body and did not have any anterior cortical breach ( Fig. 1) ; this was defined retrospectively from the CT scans. Furthermore, this was considered an 'optimal' screw in this study because it was the longest possible screw that did not cause a breach, enabling the best purchase possible.
After determining the optimal screws, we reviewed lateral radiographs of the spine to evaluate the length of these selected screws in the vertebral body on X-rays ( Fig.  2) . After that, we evaluated the percentage of the length of the screws in individual vertebral bodies, providing the optimal screw length percentages at each lumbar vertebral level for respective patients. As part of our subgroup analysis, screws were also classified into medially or straight directed based on the trajectory and the location of the tip of the screw in the vertebral body on the axial and coronal views of the CT scan ( Fig. 3 ).
This study was exempted from institutional review board as it was a retrospective study using radiographic imaging parameters without any identifiable data for the patients.
Results
Of 517 patients who underwent lumbar instrumentation, we enrolled 225 based on our inclusion criteria; of these, O-arm navigation was used for surgery in 167 patients (74.2%), whereas II was used in 58 patients (25.8%). Of these 225 patients, we analyzed 881 pedicle screws; of these, 770 were optimal screws based on the previously mentioned criteria and were, thus, included in the study. Table 1 summarizes further breakdown of the screws in this study.
After selecting the optimal screws and reviewing radiographs, we calculated the average percentages of the insertion of the pedicle screw into the vertebral body. The average percentages of the optimal length of the pedicle screws at various levels were as follows (with 95% con-fidence intervals): 87.69%±2.67% for L1; 84.18%±1.85% for L2; 83.37%±1.34% for L3; 80.10%±0.96% for L4; and 78.87%±0.91% for L5. We observed a decreasing trend from L1 to L5 (Fig. 4 ).
In addition, the subgroup analysis revealed an increasing percentage of screws that were directed in a straight trajectory from L1 to L5 (Fig. 5 ). For L5, nearly two-thirds of the screws were inserted in a straight trajectory, possibly depicting the challenges in medializing the screw trajectory because of anatomical variances. Furthermore, the statistical analysis revealed that medially directed screws were significantly longer (p<0.05) than screws inserted into a straight trajectory, with differences in the average percentage of screws in the vertebral body ranging from 4.54% to 7.60% ( Table 2 ).
Discussion
Pedicle screw fixation of the lumbar spine is a frequently used procedure in spinal surgery in combination with arthrodesis to attain stabilization [3] . It is imperative to attain the optimal pedicle screw length to optimize fixation [4, 5] ; this is particularly crucial in an aging population of osteoporotic patients [6] .
The vertebral body takes on a more oval-shaped morphology going down the lumbar spinal levels from L1 to L5, and medial angulation of the screws is needed to optimize the length of the pedicle screw length inserted into the vertebral body ( Fig. 6) ; however, this might not always be feasible because of anatomical variants, like a high iliac crest, which might preclude a lateral pedicle screw entry point essential for medial angulation of the screw (Fig. 7) as well as soft tissue interference in obese patients. Thus, a straight trajectory might need to be utilized for pedicle screw insertion, especially at L5. This variation in screw trajectory might mislead surgeons into inadvertently breaching the anterior cortex of the vertebral body Values are presented as average %±95% confidence intervals. if a straightforward trajectory is utilized. For the same length of screw insertion on a lateral image projection, it might, in fact, cause anterior cortical breach depending on whether or not the screw has been inserted in a medialized trajectory, thereby risking injury to the adjacent neurovascular structures (Fig. 8 ).
This study aimed to determine the optimal pedicle screw length at various lumbar levels by correlating with lateral radiographs of optimal screws that had been determined on CT images, thereby serving as a guide for MIS pedicle screw insertion. We found that the overall screw lengths on the lateral radiograph, which corresponded to an optimal screw length, ranged from 87.69% for L1 to 78.87% for L5, with a declining percentage going from L1 to L5. These percentages serve as a guide for surgeons who use intraoperative II to guide pedicle screw insertion under the MIS technique. Compared with open techniques, surgeons are not able to 'feel' for an anterior breach but have to depend entirely on lateral fluoroscopic images to guide their screw length. The percentages in this study, thus, guide surgeons to 'maximize' the screw length to get optimal purchase while having a good safety margin to minimize the risk of an anterior cortical breach and injury to adjacent neurovascular structures [7, 8] .
Of note, overzealous insertion of the pedicle screw to a deeper depth could risk breach of the anterior cortex and exacerbate risks of injury to adjacent structures, whereas shorter screws might case insufficient vertebral body insertion, compromising the pullout strength of the screw and fixation. This is especially vital for L5, as the increased need for straight trajectories of screws because of ana-tomical variants means that there is an elevated risk of anterior cortical breach.
This study has some limitations. First, the number of pedicle screws for the upper lumbar levels of L1 and L2 was relatively low. In addition, we define an optimal screw with regard to the distance of the tip to the anterior cortex to optimize fixation; however, we did not perform biomechanical pullout strength testing in this study. Nevertheless, some studies have reported that enhancement in the strength of the transpedicular screw-vertebra interface could be attained by increasing the depth of screw insertion. For example, Krag et al. [9] reported that the mean failure strength of screws at 50% depth was 75%-77% of that at 80% depth, and the strength for screws at 100% ('to-cortex') depth was 124%-154% of that at 80%. Furthermore, radiographic measurements in this study were performed by two observers, which could have introduced interobserver variability; this was, however, mitigated by corroborating the measurements between both observers, which exhibited good interobserver concordance and reliability.
Conclusions
This study recommends that during the MIS pedicle screw fixation, pedicle screws should not exceed 85% of the vertebral body length on the lateral view for L1, 80% of the vertebral body length for L2-L4, and 75% of the vertebral body length for L5; this would help minimize the risk of anterior cortical breach yet maximize pedicle screw purchase for fixation stability. 
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